The internal temperature of rhodamine B-dyed dust particles (2r p ϭ1.2 m) immersed in radio-frequency ͑rf͒ plasmas has been measured for various plasma conditions. For this purpose, the dye has been excited with an argon-ion laser and the fluorescent emission of the particles has been recorded with an optical multichannel analyzer system. The temperature has been determined after comparison with calibration curves. In argon, the particle temperature increases with rf power and is independent of pressure. In oxygen, an increase with rf power is observed, too. However, the energy flux towards the particles includes also heating by atom recombination ͑association͒ and exothermic combustion reactions. These temperature measurements have been compared with calculations based on the thermal balance, where measurements of gas temperature, electron density, and electron temperature have been used. A good agreement between theory and experiment has been found.
I. INTRODUCTION
In the last decade, dusty plasmas attracted a lot of attention. Formation and trapping of dust particles in semiconductor processing plasmas appeared to be a serious source of surface contamination and the main reason for defects in fabricated components resulting in scrapped wafer lots. 1 This lead to an extensive research effort initiated by the semiconductor community to understand particle nucleation, growth, and trapping with the intention to avoid or to reduce particle growth. The increased knowledge and the ability to control the particles in the plasma has recently lead to a line of research-namely, the production of particles with unique and desired qualities. This opens possibilities for, e.g., ceramics and catalysis. 2, 3 In addition to powder formation, also artificially injected powders in plasmas have become an important area of research. In the plasma, the particles acquire a negative charge and the resulting electrostatic particle interactions can result in a spatial arrangement of the particles into regular patterns, which are known as Coulomb crystals. 4, 5 A Coulomb crystal can be formed when the ratio of the Coulomb energy to the kinetic energy of the particles exceeds a certain critical value. The formation and structure of the crystal depends on plasma parameters like gas flow rate, radio-frequency ͑rf͒ power, gas pressure, and particle parameters like size and size distribution. The Coulomb crystal is an analogy for a solid-state crystal and, therefore, it is used for fundamental studies of, e.g., phase transitions and lattice dynamics. In the last years a number of diagnostics have been applied to dusty plasmas in order to learn more about formation, charging, and other fundamental aspects in the different plasmas.
In addition to the kinetic temperature of a plasma crystal, also an internal temperature of the particles can be distinguished. The behavior of this internal particle temperature T p is governed by the thermal power balance, which takes into account the several energy fluxes arriving at and leaving from the particle surface, for example, kinetic energy of electrons and ions, ion recombination energy, radical association energy, thermal conduction, radiation, and chemical reaction heat. Measurement of the internal temperature yields valuable information about these different fluxes.
Daugherty has reported one of the few efforts in this direction. 6 He was able to measure the temperature of manganese-activated magnesium fluorogermanate particles in the afterglow of an argon plasma of 300 mTorr and 50 W. To this purpose, the decay time of the phosphorescence of the particles was measured after extinction of the argon plasma. As has been shown by Wickersheim, 7 the decay time is temperature dependent. Daugherty's measurements resulted in a temperature of 410Ϯ10 K for the particles.
In other fields, e.g., in fluid mechanics, temperature measurements yield valuable information about combustion processes. Coppeta has shown that dyes like rhodamine B ͑RhB͒ can be used to measure temperatures of thermal plumes. 8 In the present article, we show that the spectral profile of fluorescent emission of melamine-formaldehyde ͑MF͒ powders volume dyed with RhB is temperature dependent. We have used these particles to measure real time and in situ the internal temperature of these particles while they are suspended in rf plasmas in argon and oxygen, respectively. These two gases are used because they differ in behavior: argon is inert and supplies mainly kinetic energy of charge carriers and their recombination, while oxygen is reactive and supplies, in addition, also other energetic contributions like chemical reaction energy. Measurements of the internal temperature of the particle combined with data on gas temperature, electron density, and electron temperature will be shown to give good insight into the energy fluxes from plasma to dust particles and, thus, in plasma-particle interactions.
II. EXPERIMENT

A. Equipment
The measurements have been performed in a Gaseous Electronics Conference ͑GEC͒ reference cell. 9 Many other researchers, e.g., Olthoff, Hebner, Anderson, Overzet, and McMillin, have used GEC cells to study the behavior of plasmas. [10] [11] [12] [13] [14] In our GEC cell we use argon and oxygen as feed gases and we operate between 5 and 60 Pa with a typical flow rate of 1 sccm. The supplied rf power is in the range of 2-45 W. The plasma is created with a frequency generator ͑Hewlett-Packard 33120A, 13.56 MHz͒, a wideband rf amplifier ͑Kalmus 150 C͒, and a homebuilt T-type matching network. Our GEC cell is equipped with two water-cooled electrodes ͑one of which is movable͒, separated by a distance of 6.35 cm. The movable electrode is a showerhead electrode and is used for gas injection. The gas pressure in the cell is maintained by a turbomolecular pump, Edwards EXT250 ͑He: 250 l s Ϫ1 ͒, and a high vacuum pump, Edwards E2M40 ͑11.8 l s Ϫ1 ͒. The cell ͑see Fig. 1 for a schematic picture͒ has been extended in order to inject dust particles into the plasma. A manipulator arm with a sieve attached allows for the injection of the particles above the center of the powered electrode. An aluminum ring ͑inner diameter: 20 mm, outer diameter 24 mm, height: 1.5 mm͒ is used to create a potential trap for the particles just above the powered electrode; the particles are trapped in a fixed and well-known volume.
B. Plasma diagnostics
A commercially available Langmuir probe system ͑Sci-entific Systems, SmartProbe͒ has been used to measure the electron density n e and the electron temperature kT e . Furthermore, the system measures the plasma potential V pl , the plasma floating potential V fl , the ion density n i , the electron energy distribution function ͑EEDF͒, and as a result the Debye length D can be calculated. The SmartProbe is an automated Langmuir probe system mounted on an autolinear drive. It consists of a cylindrical conducting tungsten wire that can be inserted into the plasma. The probe is equipped with a high-and a low-frequency plasma potential sensor. The high-frequency sensor compensates for the timedependent variation of the plasma potential caused by the rf driving voltage. The low-frequency sensor is allowed to float at the plasma floating potential and is used to track and to eliminate any low-frequency dc shifts in the plasma potential. Furthermore, the Langmuir probe system is equipped with a computer program SMARTSOFT that allows for measurement and analysis.
Inserted into the plasma, the wire is dc biased to draw current from the plasma. A current-voltage characteristic is measured and the analysis of the I -V characteristic yields the plasma parameters; typical curves are shown in Fig. 2 .
The measured I -V characteristic can be analyzed with a simple probe theory or by the more advanced Laframboise theory that takes the expansion of the sheath around the probe tip into account. 15, 16 The electron temperature has been calculated by taking the current measured at the plasma potential and dividing it by the integral of the I -V curve from the floating potential V f up to the plasma potential V p :
From the same current also the electron density can be calculated by means of
A diode laser system ͑Environmental Optical Systems, Inc., LCU-2010-M, ECU-2010-M, with a SN00194 diode͒ and a BPW 34 photodiode have been used to measure the linewidth of the argon 1s 5 metastable absorption line ͑811.5 nm͒. In our case, the linewidth is determined only by the Doppler width; Stark broadening and Van der Waals broadening are negligible. A measurement of the linewidth, therefore, is directly related to the gas temperature; the density of the 1s 5 metastables is determined by the surface of the absorption profile. A typical wavelength scan around the 811.5 nm absorption line is shown in Fig. 3 ; from this scan the absorption profile is calculated. The profile has been fitted with a Gaussian curve. The measurement has been fitted with a Gaussian curve. Absorption profiles have been measured for different pressures and powers, and the related gas temperatures are determined. The results of these measurements are shown in Fig. 4 . Furthermore, a height scan has been done: the gas temperature decreases towards the watercooled electrodes and has a maximum at the sheath-glow boundary, where also the dust particles are confined.
In the case of an oxygen plasma, the radical density n O is important to know in order to estimate the association and reaction of O atoms on the particle surface which may contribute to their thermal balance. Stoffels et al. 17 performed calculations on the radical densities in oxygen plasma, which are shown in Fig. 5 for different pressures. 
C. Particle diagnostics
We have used two diagnostics to monitor the particles: fluorescence measurements to determine the particle temperature, and angular-resolved Mie scattering to accurately determine particle size r p and etch rate ṙ p of the particles.
The particles are injected into the plasma with a manipulator arm ͑see Fig. 1͒ . The dust is trapped above the powered electrode in an artificial potential trap. The particles are melamine-formaldehyde spheres, which are dyed throughout the volume with rhodamine B ͑MF/RhB, supplier: Microparticles GmbH, Berlin͒. The spheres have an original diameter of 2r p ϭ1.2 m, a specific mass density of ϭ1.51 g cm
Ϫ3
, and a real refractive index of nϭ1.68; the influence of the RhB on the refractive index is unknown to the authors. The mass fraction m f of the dye in the spheres is less than 1%. RhB has a boiling point of 210°C; heating the particles above this temperature leads to a degradation of the dye.
An argon-ion laser ͑Coherent Innova 70, operated at 514 nm and 28 mW͒ was used to excite the dyed particles. The resulting fluorescent emission has been recorded using an EG&G optical multichannel analyzer ͓͑OMA͒ model 1461͔. The OMA system has been corrected for the sensitivity of the solid-state detector ͑EG&G model 1420͒ using a tungsten ribbon lamp.
For calibration purposes, the spectral behavior of the dyed particles has been recorded as a function of temperature after mixing the particles with oil. The mixture was heated from room temperature to 210°C. A Fluke 8024A multimeter with thermocouple has been used to monitor the temperature of the mixture. The accuracy of the temperature measurements is 5°C. As is known from the literature, 18 solvent broadening of the emission curves can occur for dyes. However, in our case the dye is ''solved'' in the particle material and, therefore, the surrounding of the dye is the same for all cases, whether the particles are suspended in oil or in the plasma.
In Fig. 6 a few calibration curves are shown for the MF/RhB particles we are using. The calibration curves show that the spectral profile of the fluorescent emission depends on the temperature. One can clearly see that as a function of temperature the curve broadens and the intensity decreases. This makes it possible to determine the particle temperature T p in plasmas without making use of the absolute intensity. This is very convenient: several processes and plasma parameters may hamper reliable measurements of the absolute intensity. The number of trapped particles is not always constant, photobleaching can occur due to laser irradiation, UV lines of the plasma can degrade the dye, and further processes in the plasma, like etching and sputtering, can change the particle and the dye.
Since a laser is used for illumination and excitation of the dust particles in the plasma, the influence of laser heating to the particle has to be estimated. The laser is operated at a power of P l ϭ28 mW and has a beam diameter of d l ϭ4 mm. Only the RhB in the particle will absorb light; the mass fraction of the dye in MF is m f ϭ1%. The absorption of RhB depends on the excitation wavelength; for 514 nm the absorption relative to the maximum at 550 nm is given by the absorption efficiency Q A ϭ0.35.
8 Also, the quantum yield for fluorescence radiation is important: each photon emitted carries away energy from the particle. In ethanol the quantum yield , i.e., the ratio of the total energy emitted per quantum of energy absorbed is ϭ0.69 according to Guilbault. 18 The laser power, which is absorbed by the MF particle, amounts to
Q A (1Ϫ)ϭ51 pW. The particles have a mass of mϭ8ϫ10 Ϫ13 kg and the specific heat capacity of the MF material is taken to be roughly 10 3 J kg Ϫ1 K Ϫ1 . This results in a heat capacity of 0.8 nJ K
Ϫ1 for each particle. The particle temperature T p will change at a rate of ‫ץ‬T p /‫ץ‬tϭ63 mK s Ϫ1 . This ultimately results in an upper limit for the temperature increase of 0.63 K for our measurement time of 10 s. A reduction of quantum yield with temperature, radiation cooling, and Knudsen cooling are not taken into account. Therefore, we estimate the influence of laser heating on the measurements to be negligible.
In the plasma environment, the plasma emission has been recorded before and after exposure of the particles to the laser light and is time averaged to reduce time influences. The averaged emission is then subtracted from the recorded fluorescence spectra during exposure to the laser light. In Fig. 7 an experimental curve is shown and compared to a calibration curve. In the inset of Fig. 7 the residue of the curve fit is plotted. We have chosen for measurements a photon collection time of 10 s in order to enhance the signalto-noise ratio and to minimize the effect of fluctuations in the plasma emission.
By using the procedure as described above, the particle temperature has been measured in argon and oxygen plasmas. In Figs. 8 and 9 the results for the temperature measurements are shown as a function of rf power. For both gases the particle temperature depends on rf power, but is independent of pressure.
Since the MF particles are being etched in oxygen plasma, angular-resolved Mie scattering has been applied to determine the particle size during the plasma process. This is described in detail elsewhere. 19 The measured scattering spectra are fitted using Mie theory for a single layered homogeneous sphere. In Fig. 10 a typical plot of the particle radius as a function of plasma duration is given. As it can be seen, the particle has been etched in a 20 Pa oxygen plasma operated at 5 W. Simulations indicate that the particle remains spherical for more than 90 min. It is clearly visible that the etch rate decreases with time. In the first 30 s, where also the temperature measurements (T p ) are carried out, the etch rate ṙ p is in the order of 1 nm/s.
III. RESULTS AND DISCUSSION
A. Thermal balance of powder particles confined in a plasma
In practical applications of plasma-particle interactions it is important to know the energy fluxes towards and from particles which result in a certain temperature of the particles. The particle temperature T p effects elementary processes like adsorption, desorption, and diffusion as well as chemical reactions at the particle surface. For example, the thermal balance of a particle influences its surface properties as stoichiometry, microstructure, etc. 20, 21 The thermal balance of the particles can be written as an equality between the thermal influx Q in , the temporal derivative of the particle enthalpy H p , and the thermal outflux Q out :
In the stationary situation of the particle being suspended in the plasma, Ḣ p ϭmc(dT p /dt)ϭ0. The fluxes Q in and Q out are the surface integrals of the related energy flux densities J in and J out , respectively, over the particles surface A p : Q in ϭ͐ A p J in dA and Q out ϭ͐ A p J out dA. In the following, the energy flux densities will be discussed in more detail. In general, the total energy influx J in is the sum of the influxes due to the kinetic energy of electrons (J e ) and ions (J i ), the energy which is released when a positive ion recombines at the surface of the floating particle (J rec ), the energy J ass , which is supplied when two gas-phase species ͑e.g., O atoms͒ associate into one another gas-phase species at the surface ͑e.g., O 2 molecule͒ of the particle, and the energy J chem which is released if a chemical reaction occurs between a gas-phase species and the surface: J in ϭJ e ϩJ ion ϩJ rec ϩJ ass ϩJ chem . ͑2͒
Contributions to the energy influx due to laser irradiation and plasma radiation can be neglected in our case as discussed above and because of the relatively low temperature. The kinetic energetic contributions (J e ,J i ) of the electrons and ions, respectively, are products of the particle fluxes ( j e , j i ) and the mean kinetic energy of the species. Under our experimental conditions, where the diameter 2r p of the particles (ϳ10 Ϫ6 m) is always small in comparison to the Debye length D (ϳ10 Ϫ4 m) and the mean-free path mfp (ϳ10 Ϫ2 m), the orbital motion-limited theory for a spherical probe ͑particle͒ holds. 16 The electron energy flux density J e for a Maxwellian electron energy distribution can be calculated by 
͑3͒
while the ion energy flux density J i may be obtained by
͑4͒
The dust particles rest always at floating potential V fl and it is V bias ϭV pl ϪV fl . It should be mentioned that the expressions for the mean electron energy of 2k B T e in Eq. ͑3͒ are only valid for a Maxwellian electron energy distribution function. If another EEDF holds, one has to modify this contribution. However, in the floating potential V fl , which is the particles potential, the influence of different EEDFs concerning J e is negligible. 21 In the case of particles suspended in a plasma, the electron and ion currents towards the particles are equal ( j e ϭ j i ) and the released recombination energy flux J rec is
where E i is the ionization energy, which is for argon 15.7 eV. is the work function which may be important for metallic particles. In principle, Eq. ͑5͒ should be corrected with the difference between the adsorption energy of the ion and the desorption energy of the resulting neutral, but this contribution is rather low. The energy influx J ass by atom recombination ͑associa-tion͒ is described by
where ⌫ O is the association probability of O atoms on the particle surface, T g is the gas temperature, n O is the density of O atoms, m O is the mass of O atoms, and E diss is the dissociation energy of O 2 molecules. Little is known of the association probability ⌫ O : it depends on the O-atom surface coverage ratio and the sticking coefficient. A value of 0.05 for ⌫ O has been estimated for a similar case. 22 For an estimation of the maximum contribution of this effect, we will take ⌫ O ϭ0.1.
The exothermic chemical reaction ͑i.e., combustion͒ energy can be estimated from the etch rate ṙ p , the particle material density , and the average specific combustion enthalpy gain h comb :
The outgoing energy flux density J out consists of two contributions: thermal conduction J th by the gas and radiation cooling J rad . In the pressure range considered here, the thermal conduction is governed by the Knudsen theory:
where c p /c v ϭ␥ is the heat capacity ratio ͑adiabatic coefficient͒, m is the gas molecule mass, p is the gas pressure, k B is the Boltzmann constant, and ␣ is the accommodation coefficient. The accommodation coefficient accounts for the fact that the desorbing gas atoms or molecules are not necessarily in equilibrium. The radiation cooling term J rad follows directly from the Stefan-Boltzmann law:
where ⑀ denotes the emissivity, and is the StefanBoltzmann constant (ϭ5.67ϫ10
B. Argon plasma
In the stationary case where the particles are heated to their equilibrium temperature T p , the energy fluxes are equal: J in ϭJ out . Hence, by knowledge of the outgoing flux J out , which consists of the thermal conduction J th and the radiation J rad , the total energy flux towards a powder particle can be obtained and compared with model calculations.
In accordance with Eqs. ͑8͒ and ͑9͒ the loss terms are essentially determined by the particle temperature T p and the gas temperature T g which have been measured, see Figs. 4, 8, and 9. For argon the adiabatic coefficient is ␥ϭ5/3 and the accomodation coefficient ␣ϭ0.86 has been suggested in the literature. 20 The emissivity of the polymer-like MF particles is supposed to be 0.9. 24 By using these values the energy losses by gas cooling and heat radiation of a particle suspended in an argon rf plasma are calculated. The results are shown in Fig. 11 . For the used pressure of 20 Pa the cooling by radiation is stronger than the cooling by the gas convection. This observation is in agreement with other authors. 25 In Fig. 12 the calculated components Eq. ͑2͒ for the energy influx J in are depicted: the energy influx consists of J e , J i , and J rec . In the case of an argon plasma only the energetic contributions due to kinetic energy of the charge carriers ͓Eqs. ͑3͒ and ͑4͔͒ and their recombination ͓Eq. ͑5͔͒ have to be considered; the recombination clearly dominates the energy influx. Because of the inert gas behavior the contributions due to molecule association and chemical reactions with the particle surface can be neglected. In order to calculate J e , J i , and J rec the internal plasma parameters obtained by Langmuir probe measurements ͑see Fig. 2͒ and/or typical literature values for a GEC cell under comparable experimental conditions, 13, 26, 27 respectively, have been taken. In Fig. 13 the energy influx has been compared with the determined outflux J out based on the temperature measurements. As can be seen in Fig. 13 , the calculated energy influx is in quite good agreement with the measured values of J out . Since the MF particles are at floating potential, the heating by kinetic energy of the Ar ϩ ions and electrons is small due to the rather small potential drop between the plasma and floating potential. The dominant contribution is the recombination of the charge carriers.
Because the material constants as the accomodation coefficient ␣ and the thermal emissivity ⑀ of the particles linearly go down in the determination of the outgoing energy flux, the accuracy of J out depends on the knowledge of those coefficients which have been taken from the literature. 20, 24 However, the coefficients do not exhibit a strong variation if one looks to slightly changed experimental conditions. Therefore, the taken values seem to be reliable. The results indicate that a description of the energy influx by charge carriers, which are characterized by plasma diagnostics, is an appropriate tool for the treatment of plasma-particle interaction. On the other hand, the use of microparticles as thermal probes in an argon plasma has been successfully demonstrated.
C. Oxygen plasma
During oxygen plasma treatment of the hydrocarbon/ nitrogen-containing MF particles (C 3 H 6 N 6 and CH 3 O highly cross-linked molecule͒, the energy fluxes towards the substrates have been determined by measurements of T p in the same way as for argon. However, now the contributions to the total energy influx in addition to the kinetic ion energy transfer are also due to recombination of atomic species ͑as-sociation͒ and exothermic combustion reactions of the plastic-like particles by the plasma-generated oxygen radicals. 28 Etching of the particles confirms the chemical reaction process that may be attributed to the following mechanisms:
͑i͒
Chemical surface film reactions of the particle surface layers with oxygen atoms which are produced in the collision-dominated sheath region and in the negative glow by dissociation of O 2 molecules, and ͑ii͒ chemical sputtering by high energetic O 2 ϩ and O ϩ species colliding with the particles.
However, the latter as well as physical sputtering of the particle surface are less important. Since the particles are at floating potential, the energy for efficient sputtering is too low. Otherwise, also in the inert argon plasma, particle etching would be observed. But even for very long process times (tϾ30 min), in this case the particle size was constant as measured by Mie scattering ellipsometry and angularresolved forward scattering. Hence, plasma etching of confined MF particles will proceed only by the chemically reactive oxygen radicals and ions. By using the measured particle temperature T p ͑see Fig.  9͒ the energy loss has been estimated again according to Eqs. ͑8͒ and ͑9͒. For oxygen in Eq. ͑8͒ the adiabatic coefficient is c p /c V ϭ7/5 and the accommodation coefficient has been taken in accordance with Ref. 29 as ␣ϭ0.9. During etching the emissivity of the particle does not change, therefore, it remains ⑀ϭ0.9 in Eq. ͑9͒. The results for the particles energy loss J out in an oxygen plasma as a function of power are shown in Fig. 14 . Similarly to the argon plasma, for low pressures (pϭ20 Pa) the cooling by radiation is dominant, too.
As described above, the loss has to be balanced by the incoming contributions with regard to particle heating due to charge carriers and radical association and chemical reaction. The particle density r O of the oxygen atoms is mainly determined by electron-impact processes taking place in the glow region: The total loss consists of the contribution by radiation and gas convection.
The abbrevation e f stands for fast beam electrons released by secondary electron emission at the cathode ͑␥ process͒.
30
The low-energy plasma electrons (e l ), which exist in the glow in a rather high density, generate preferably negative molecule ions by electron attachment. However, they decay into more stable negative atom ions and oxygen atoms, respectively,
The preferred generation of negative ions also contributes to the formation of oxygen atoms by charge exchange:
The efficiency of oxygen ionization and dissociation depends on the electron energy distribution function and the electron density. Both are strongly influenced by the power and gas pressure in the discharge. Unfortunately, there are only complete data sets of the plasma parameters available for high power. The dissociation degree, which is in the order of 0.01-0.05 under our experimental conditions, results in values for n O of about 2ϫ10 20 cm Ϫ3 ͑Fig. 5͒. The other quantities which are necessary to calculate the contribution J ass in Eq. ͑6͒ are: E diss ϭ5 eV and ⌫ O ϭ0.12. Under these assumptions, the contribution of oxygen radical association to the total heat flux is in the order of 5%, as indicated in Fig. 15 .
The rather high inflow of oxygen atoms towards the substrate leads also to reactions with the MF particles surface. The surface density of atoms of the MF particles is in the order of 10 14 -10 15 cm Ϫ2 . Thus, the relatively high particle influx results in surface reactions with oxygen even if the sticking probability of the reactive atoms at the MF surface should be small. The removal ͑etching͒ of the products is influenced by the thermal conditions at the surface.
The MF particles are polymerized C 3 H 6 N 6 molecules. The combustion heat of this material is 2.16ϫ10 4 kJ/kg ͑Ref. 31͒ and the heat released by combustion has been determined according to Eq. ͑7͒ to be in the order of 5%, which is comparable to the contribution by association, see Fig. 15 . However, as in the case of an argon plasma, the recombination of positive ions and electrons is again the dominating part in the energy balance of a particle confined in an oxygen plasma.
IV. CONCLUSIONS
We have demonstrated that in situ laser-induced fluorescence of dyed dust particles allows for a determination of the internal particle temperature. If these measurements are combined with measurements of the electron density, electron temperature, gas temperature, and particle etch rate, all input parameters of the thermal balance of the particles are known. The dominant heating mechanisms for argon plasmas are particle heating due to charge-carrier recombination. For oxygen plasmas, also a small contribution due to radical recombination of oxygen atoms to molecules is important. Both loss mechanisms, heat conduction and radiation cooling, are of equal importance. The calculated influx and outflux agree quite well.
In short, the in situ thermometry method in this article actually turns the suspended particles into microprobes for the particle energy balance, and indirectly also to microprobes for the balance between the several plasma-surface interaction mechanisms.
